Abstracr -Lasers a r e used t o probe t h e t r a n s i e n t s p e c i e s which e x i s t a s reagents a r e transformed i n t o products i n a chemical r e a c t i o n .
Molecular beams of reagents K and NaCl a r e crossed w i t h i n t h e c a v i t y of a cw dye l a s e r and photons absorbed by t h e t r a n s i e n t s p e c i e s a r e used t o open t h e chemiluminescent channel t o KC1 and ~a * .
I. I n t r o d u c t i o n
C o l l i s i o n s between atoms a r e u s u a l l y described i n terms of t h e p o t e n t i a l energy between t h e atoms, and one can f r e q u e n t l y c a l c u l a t e o r experimentally determinc t h e p o t e n t i a l energy curve a s a f u n c t i o n of i n t e r n u c l e a r separation.
Numerous examples of such p o t e n t i a l curves can be found i n o t h e r a r t i c l e s i n t h i s volume, and t h e i r u t i l i t y i n i n t e r p r e t i n g d i v e r s e phenomena can be seen from a perusal of these a r t ic l e s .
Chemically r e a c t i v e c o l l i s i o n s , on the o t h e r hand, a r e much more complicated. F i r s t , the simplest r e a c t i o n involves an atom r e a c t i n g with a diatomic molecule, which i s a t h r e e (or more) body problem.
The choice of coordinate system i s complicated by t h e f a c t t h a t the f i n a l system d i f f e r s from t h e i n i t i a l system. For the "simple" system of r e a c t i o n I, the p o t e n t i a l energy w i l l depend upon the d i s t a n c e between each p a i r of atoms, r m , . r B c , and ZAC.
The p o t e n t i a l energy i s t h u s a s u r f a c e i n f o u r dimensional space whxch i s d i f f i c u l t t o imagine.
I n o r d e r t o s i m p l i f y c a l c u l a t i o n s and provide a conceptual b a s i s f o r discussion, one f r e q u e n t l y d i s c u s s e s c o l l i n e a r r e a c t i o n s , where, f o r example, the atoms of r e a c t i o n 1 a r e confined t o a l i n e . The p o t e n t i a l energy f o r the system then depends on only two d i s t a n c e s , rm and rgc and contour p l o t s can be used t o describe t h e system.
The general form such a contour p l o t t a k e s i s shown i n Fig. 1 which i s q u a l i t a t i v e l y s i m i l a r t o t h e p o t e n t i a l energy s u r f a c e s (PES) c a l c u l a t e d by Eyring and h i s co-workers i n the 1930's. I n the asymptotic entrance or e x i t channels, t h e canyon i n c r o s s s e c t i o n i s j u s t the p o t e n t i a l curve f o r a diatomic molecule.
As t h e r e a g e n t s approach one another, considerable i n t e r a c t i o n d i s t o r t s t h e simple diatomic molecules and t h e p o t e n t i a l energy may r i s e t o a col b e f o r e descending i n t o t h e product canyon. The well shown i n Fig. 1 o r i g i n a l l y appeared a s an a r t i f a c t of t h e c a l c u l a t i o n f o r 8 + 8, d 82 + 8. and while it i s known t h a t no w e l l e x i s t s f o r B + 8 % . r g a c t i o n s such a s 8 + 08 + H z + 0 can c l e a r l y have very deep w e l l s corresponding t o s t r o n g l y bound s t a b l e molecules.
The path of minimum p o t e n t i a l
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985130 energy, shown a s a dashed carve i n Fig. 1 , is presumed t o describe the gross behavior of the system and t h e p o t e n t i a l energy p l o t t e d versus distance along t h i s "reaction coordinate" i s shown schematically i n Fig. 2 . P l o t s of t h i s type a r e used i n q u a l i t a t i v e d i s c u s s i o n of chemical reactions, but one must bear i n mind t h a t p l o t s such as Fig. 2 represent a special two-dimensional c u t through a surface of a t l e a s t four dimensions. P o t e n t i a l energy E. r e a c t i o n coordinate (distance along dashed l i n e of r i e r corresponds t o nuclear configurations which a r e n e i t h e r reagent nor product and a r e denoted as "reaction complexes" o r " t r a n s i t i o n s t a t e s . "
The time evolution of a chemical system across the PES i s a problem of fundamental i n t e r e s t t o chemistry. Experimentally, of coarse, r e a c t i o n s do take place, and a g r e a t deal has been learned about these processes by measuring the r a t e of evolution from reagents t o products. Molecular beam and l a s e r techniques has made possible s t a t e -t e s t a t e chemistry, t h e study of how individual quantum s t a t e s of t h e reagents a f f e c t r e a c t i v i t y and of how the products a r e d i s t r i b u t e d among d i f f e r e n t possible f i n a l s t a t e s .
But these techniques examine the asymptotic s t a t e s of the system. The region of the PES of g r e a t e s t i n t e r e s t near the col i s only i n d i r e c t l y sampled.
Theoretical treatment of the time evolution i s very d i f f i c u l t because the dynamics ( e i t h e r c l a s s i c a l or quanta11 of the system a r e very s e n s i t i v e t o the precise d e t a i l s of the surf ace, e s p e c i a l l y near the corner.
I n order t o provide d i r e c t information about c r n c i a l regions of t h e PES, we have t r i e d t o spectroscopically i n t e r r o g a t e chemically r e a c t i v e systems i n the few picoseconds during the course of the r e a c t i o n where the system i s between reagents and products.
I n t h i s region one has n e i t h e r reagents nor products but r a t h e r a system i n which old bonds a r e being broken and new bonds a r e being formed.
W e use the term "reaction complex" or " t r a n s i t i o n s t a t e " t o denote these molecular configurations.
As suggested i n Pig. 2 , t h i s region i s expected t o encompass many nuclear configurations, and i s expected t o be r a t h e r short lived.
E x~e r i m e n t a l Considerations
There a r e b a s i c a l l y three problems associated with studying these r e a c t i o n complexes: formatiqg of the r e a c t i o n complex; d e t e c t i o n of the r e a c t i o n complex of i t s l i g h t absorption; and i n t e r~r e t u of the r e s u l t s . W e s h a l l discuss the f i r s t two problems here and t h e l a s t i n t h e discussion section.
Fotmation of the r e a c t i o n complex i s expected on a t l e a s t each reactive event, but t h e concentration of complexes which can be obtained i s expected t o be very low as experimental estimates f o r the "lifetimes" of such r e a c t i o n complexes a r e t y p i c a l l y < 1 ps. Further, t h i s concentration i s determined i n steady s t a t e by the competit i o n between t h e r a t e of formation of the complex and i t s r a t e of decomposition. Thus r e a c t i o n s which occur on every c o l l i s i o n a r e most d e s i r a b l e i n terms of producing a high concentration of r e a c t i o n complexes. This precludes carrying out the r e a c t i o n i n some s o r t of c e l l as, even i f the formidable problem of mixing the reagents were solved, the r e a c t i o n would be complete on a very short time scale. To solve the problem of mixing t h e reagents, the method of crossed molecular beams was adopted. This a l s o has the advantage of eliminating some possible a r t i f a c t s , such as wall reactions.
The number of r e a c t i o n complexes excited i s expected t o be low. /I/ Detecting excit a t i o n of t h e r e a c t i o n complex i s thus q u i t e a non-trivial assignment even with the high photon fluxes obtainable with Zrsers, and even i f the t r a n s i t i o n p r o b a b i l i t y f o r e x c i t i n g the complex i s high. As the best chance f o r accomplishing t h i s . we therefore decided t o search f o r a chemical r e a c t i o n i n which a luminescing product could be formed i f the r e a c t i o n complex absorbed l i g h t ,
where A and B a r e generalized reagents (atoms o r molecules); [ABJ' i s the r e a c t i o n complex, or t r a n s i t i o n s t a t e ; C and D a r e generalized products; and t h e a s t e r i s k denotes e l e c t r o n i c e x c i t a t i o n . g x c i t a t i o n of the r e a c t i o n complex would thus be detected by observing emission of C . [Weiner and colleagues 121 bave pursued the o t h e r a t t r a c t i v e option f o r solving t h e d e t e c t i o n problem and a r e carrying out s i m i l a r experiments involving chemi-ionization i n which the detected species i s C+.I
I n order t o d i s t i n g u i s h the e x c i t a t i o n of the r e a c t i o n complex from the much more l i k e l y processes involving d i r e c t photon e x c i t a t i o n of e i t h e r the reagents o r the products the e x c i t a t i o n wavelengths must be chosen t o avoid e x c i t i n g any s t a t e of the reagents o r products. I n a d d i t i o n i t i s most d e s i r a b l e t o have the emission wavelength blue-shifted
from the e x c i t a t i o n wavelength i n o r d e r t o discriminate against energy t r a n s f e r processes involving minor contaminants of the molecular beams.
This can be arranged by having t h e exoergicity of the r e a c t i o n supply the energy defect between the energy of the e x c i t a t i o n photon and the energy of the emitted photon.
I n order to c a r r y out t h e experiment most e f f i c i e n t l y one wishes t o maximize the number of C* species formed i n the time a v a i l a b l e f o r observation.
The l i f e t i m e of the r e a c t i o n complexes i s so short t h a t power s a t u r a t i o n i s not expected a t moderate photon i n t e n s i t i e s , and the r a t e of r e a c t i o n (2) i s expected t o be l i n e a r i n l a s e r i n t e n s i t y . Therefore, the highest obtainable average l a s e r power should be used.
It i s a l s o important not t o use l a s e r s with high peak powers i n order to avoid, or a t l e a s t minimize, multiphoton processes.
Clearly, cw operation provides t h e lowest peak power i n combination with the highest average power. A t present t h e h i g h e s t tunable average power i s obtained i n t r a c a v i t y i n a cw dye l a s e r .
The system selected f o r the experiments described here i s
An energy l e v e l diagram i s shown i n Fig. 3 f o r t h i s system. EMISSION 589 nrn 
This r e a c t i o n meets t h e experimental c r i t e r i a j u s t s e t f o r t h : (a) The a c t i v a t i o n energy i s low and r e a c t i o n occurs on each hard sphere c o l l ision. I n a d d i t i o n a complex i s formed which seems t o p e r s i s t f o r a few ps.
( b ) The r e a c t i o n i s exoergic so blue-shifted chemiluminescence can be observed f o r wavelengths near threshold.
( c ) No single-photon absorptions a r e known f o r the reagents o r products i n t h e region near the threshold.
(d) Beams of a l l reagents --chemicals and photons --can be "easily" generated.
( e ) The threshold photon energy for the new channel occurs i n wavelength regions e a s i l y accessible t o cw dye l a s e r operation.
The apparatus i s more completely described elsewhere 131 and only a b r i e f summary w i l l be given here: collimated molecular beams cross i n s i d e the c a v i t y of a cr dye l a s e r ( s e e below). Fluorescence from the r e a c t i o n zone (RZ) is collimated. passed through an i n t e r f e r e n c e f i l t e r t o r e j e c t
wavelengths not resonant with t h e f l u o r e s c i n g s p e c i e s (and thereby excluding copious amounts of s c a t t e r e d l a s e r l i g h t ) and d e t e c t e d with a cooled p h o t o m u l t i p l i e r operated i n t h e pulse-counting mode. The c a v i t y of a S p e c t r a Physics Model 375 dye l a s e r i s extended t o include t h e molecular beam apparatus by r e p l a c i n g t h e output coupler w i t h a mirror 1.5 m downstream from t h e l a s e r . Cooled s o l u t i o n s of Rhodamine 66
and DCM i n soap s o l u t i o n a r e pumped w i t h t h e 514.7 nm l i n e of a CR-18 ~r + l a s e r . The dye l a s e r is not focussed a t t h e RZ, and has a diameter of about 2 mm there.
The molecular beams c o n t a i n t r a c e amounts of Na which a r e e x c i t e d by t h e (weak) spontaneous fluorescence of t h e dye stream a t t h e D l i n e , even i f t h e l a s e r i s l a sing a t f r e q u e n c i e s f a r from t h e Na D l i n e . Therefore, fluorescence from t h e dye stream a t t h e Na D l i n e s was removed by a small i n t r a c a v i t y h e a t pipe oven containing Na and a few t o r r of Argon. The l a s e r i s tuned by a 3-plate b i r e f r i n g e n t f i l t e r w i t h a bandwidth -1.5 cm-.
The fluoresceuce from t h e RZ was passed through an i n t e r f e r e n c e f i l t e r c e n t e r e d a t 589.0 nm w i t h a band p a s s of 0.47 nm which passed o n l y t h e 589.0 nm D l i n e .
Some l i g h t i s emitted from the RZ ( s c a t t e r e d l i g h t , photoluminescence, e t c . ) and may s t i l l pass through t h e f i l t e r f o r v a r i o u s beam combinations.
I n o r d e r t o account f o r these v a r i o u s c o n t r i b u t i o n s , t h e K and l i g h t beams were chopped a t 20 and 90 Hz r e s p e c t i v e l y , and t h e NaCl beam was i n t e r r u p t e d by a beam f l a g .
A LSI-11 mini-computer with Camac i n t e r f a c e was used t o a c q u i r e d a t a i n a l l 8 beam on-off c o n f i g u r a t i o n s . The s i g n a l of i n t e r e s t , t h e three-beam s i g n a l (3BS). i s t h a t s i g n a l which appears o n l y when a l l t h r e e beams a r e on.
IV. R e s u l t s
Typical r e s u l t s f o r a counting period of about 5 minutes a r e shown i n Table I . Count r a t e s a r e shown f o r v a r i o u s elementary s i g n a l processes R. jk where i, j , k a r e 0 o r 1 t o i n d i c a t e K, NaCl o r l a s e r , o f f o r on, r e s p e c t i v e i y .
These elementary r a t e s a r e a s s m e d t o be a d d i t i v e so t h a t t h e s i g n a l observed with a l l beams on, Slll i s given by Table I Count r a t e s (5 1 o) f o r o b s e m a t i o n of NaD r a d i a t i o n w i t h v a r i o u s combinations of K, NaCl and l i g h t beams f o r i r r a d i a t i o n a t X = 630 nm. The 3BS, R~z z , i s p o s i t i v e and h i g h l y s i g n i f i c a n t s t a t i s t i c a l l y . It should be emphasized t h a t t h i s s i g n a l i s p r e s e n t & when a l l t h r e e beams a r e on. I f any one beam i s missing. R~l l i s zero. T h i s s i g n a l i s r e l a t i v e l y reproducible /4/ and i s p r e s e n t over a v e r y wide range of e x c i t a t i o n wavelengths. Fig. 4 shows t h e 3-beam s i g n a l ( c o r r e c t e d f o r d r i f t s and normalized f o r comparison between d i f f e r e n t days) versus l a s e r wavelength. The s c a t t e r i n p o i n t s does not seem t o r e f l e c t s p e c t r a l f e a t u r e s , but r a t h e r t o be due t o f l u c t u a t i o n s i n t h e i n t e n s i t i e s of one or more of the beams. As suggested i n Fig. 4, a threshold f o r R , , , i s observed n e a r 720 nm, and preliminary r e s u l t s f o r t h e threshold a r e shown i n Fig The dependence of R , , , on l a s e r power i s shown i n Fig. 6 . The power was monitored by d e t e c t i n g t h e v e r t i c a l l y p o l a r i z e d l i g h t t r a n s m i t t e d by t h e "l00k r e f l e c t i n g " end l a s e r mirror; t h i s p o l a r i z a t i o n was not proportional t o t h e h o r i z o n t a l l y p o l a r i z e d l i g h t r e f l e c t e d from t h e Brewster windows on t h e beam machine.
Since t h e c a v i t y i s s p o i l e d f o r the h o r i z o n t a l p o l a r i z a t i o n , t h e v e r t i c a l p o l a r i z a t i o n i s t h e dominant p o l a r i z a t i o n i n t h e c a v i t y and i s t h e a p p r o p r i a t e s i g n a l t o monitor f o r the power dependence.
(When t h e wavelength i s changed, t h e v e r t i c a l l y p o l a r i z e d component of t h e r e f l e c t i o n o f f t h e Brewster windows i s monitored because the t r a n s m i s s i o n of t h e end mirror depends o n wavelength.)
The l a s e r power was changed by e i t h e r s p o i l i n g t h e c a v i t y s l i g h t l y , o r by reducing t h e ~r + pump l a s e r power.
'X photoluminescence." R , , , , i s presumed t o a r i s e from K dimers, which a r e well-known i n a l k a l i metal beams, and t h i s photolnminescence is q u i t e l a r g e i f viewed through a red-pass f i l t e r .
Excited Ka a r e thus c l e a r l y formed by t h e l a s e r , and s e q u e n t i a l processes involving K,, such a s K,* + NaCl 4 ~a * + KaCl
must be considered (although it should be noted t h a t (6) i s not e n e r g e t i c a l l y open u n l e s s two photons a r e absorbed which is hard t o c o r r e l a t e with t h e observed l i n e a r dependence of 3BS on power. Fig. 6 . Because of l a c k of information regarding t h e varied by l e s s than 10%. W e conclude t h a t r e a c t i o n (5) cannot account f o r the signal we report. The 3 beam s i g n a l i s from the fluorescence of Na atoms, presumably those formed i n a chemical reaction. But both beams contain t r a c e amounts of Na impurities and excit a t i o n of the impurity Na v i a sequential energy t r a n s f e r from an a r t i f a c t A would appear as a 3 beam signal. Species A cannot be e i t h e r K o r NaCl since no sing l e photon absorptions a r e known i n t h i s wavelength region, nor can it be the K dimer since the 3BS i s independent of d i r e c t e x c i t a t i o n of K,.
I n order t o r u l e out other, unknown. a r t i f a c t species, we performed a u x i l i a r y experiments on Na + NaCl and K + Na i n which the Na beam was adjusted t o be comparable t o Na i n t e n s i t i e s i n the-main experiments.
I n both cases t h e chemical r e a c t i o n K + NaCl i s removed, b a t t h e p o s s i b i l i t y of energy t r a n s f e r from some impurity i s s t i l l present. No 3BS i s observed under these o t h e r conditions, and we conclude t h a t such an a r t i f a c t source can be ruled out.
Fluorescence i s observed from the region of the overlap of molecular beams of K and NaCl which c r o s s inside the c a v i t y of a cw dye l a s e r . This fluorescence i s highly s t a t i s t i c a l l y s i g n i f i c a n t and a r i s e s from the emission of an excited sodium atom. ~a * . Because of the low d e n s i t i e s i n t h e molecular beams, t h e process responsible f o r these s i g n a l s most l i k e l y involves binary molecular c o l l i s i o n s between species from each molecular beam. Wall e f f e c t s and secondary c o l l i s i o n s may be r u l e d out, and we i n t e r p r e t t h e process responsible f o r these s i g n a l s a s t h e l a s e r a s s i s t e d r e a c t i o n K + NaC1 + U -+ KC1 + ~a * P o t e n t i a l energy s. r e a c t i o n coordinate f o r c o l l i n e a r K + NaCl reaction.
Curves b and c approximate the minimum energy path on t h e ground s t a t e surface f o r KNaCl angles of 1350 and 90°, respectively.
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